Chronic kidney diseases (CDKs) are characterized by progressive glomerular, tubular and interstitial damage that results in scar tissue and impaired renal function. Patients with CKDs experience increased blood pressure, decreased erythropoietin synthesis, the development of metabolic acidosis and accumulation of high levels of metabolic end products, namely, the uraemic toxins. CKDs are a global health issue with an increasing estimated prevalence of 8--16%.^[@bib1]^ Diabetes, hypertension and glomerulonephritis are the leading causes of CKDs worldwide and considering the high incidence of such conditions, the number of people suffering from CKDs has tended towards a sustained increase.^[@bib1]^ In the last decade, developed and developing countries have been adopting major changes in dietary habits, in which fibres, fruits and vegetables have been replaced with fat, sugar and high amounts of salt found in fast foods and processed foods.^[@bib2]^ These changes in nutritional habits due to fast-food consumption are significantly associated with increases in body weight, body mass index and insulin resistance,^[@bib3]^ which are consequently associated with the development of diabetes and hypertension and, therefore, have a direct impact on the annual estimated rates of CKDs.

It is becoming clear that the local and systemic consequences of kidney damage might largely result from changes in the gut microbiota. Microbiota is a term coined to describe the population of bacteria, viruses and fungi that live in a commensal, symbiotic or pathogenic way within a live host. The gut microbiota is harboured within the whole intestine and comprises bacteria from different phyla. The human microbiota is composed of almost 100 trillion bacterial cells colonizing the outer and inner surfaces of the human body, and the microbiota present in the gut is considered the most dense and biodiverse ecosystem in the world, represented by seven great bacterial phyla---Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria, Proteobacteria, Tenericutes and Verrucomicrobia---of which Bacteroidetes and Firmicutes together comprise 90%.^[@bib4]^

This review is focused on the recent findings regarding the importance of maintenance of a healthy microbiota to the progression and development of CKDs. We summarized the negative effects of renal function loss on microbiota composition as well as the consequences of disordered gut microbial diversity in renal function. In addition, we show how some therapies using probiotics, prebiotics and symbiotics could be a promising intervention to address dysbiosis-linked CKDs.

Gut microbiota and diseases
===========================

The findings about the gut microbiota over the past decade have surprised the scientific community showing its crucial role for the development and homeostasis of the host by building and modulating the immune system and improving intestinal defence to face opportunistic pathogens, by synthesizing vitamins, by biotransforming conjugated bile acids and by extracting energy from fermenting non-digestible carbohydrates.^[@bib5],\ [@bib6]^ Due to all these beneficial actions, there has been growing emphasis on considering the microbiota as a functional 'organ\' and counting it as part of our eukaryotic cell pool is plausible. Thus, as an 'organ\', diseases of the microbiota that affect their health---diversity and variability---also called dysbiosis, represent a great challenge because they would not only disturb local intestinal homeostasis but might influence a wide range of extra-intestinal complications.^[@bib5]^

Disturbance in the composition of the microbiota has been shown to be strongly related to the incidence of inflammatory diseases, supporting a key role of a commensal microbiota in host homeostasis.^[@bib7]^ Currently, it is possible to assert that the gut microbiota is involved in several aspects of host homeostasis, for exanple, tissue and cell metabolism, and physiological and immune system functions. These connections dictate disease susceptibility in different organs, such as the intestines, brain, liver, kidneys and so on.^[@bib8]^ Many factors can influence the composition of the gut microbiota such as diet, which is able to modulate its composition quickly^[@bib7]^ and at the species level.^[@bib9]^ Considering the gut as a hypoxic compartment where carbohydrate and proteins constitute the major nutritive resources that reach intestine without being metabolized prior, fermentation is the primary or only way through which these bacteria obtain energy. The intestinal microbial glycobiome is very relevant by encoding specific enzymes that potentially metabolize non-digested carbohydrates (or resistant starch, RS) allowing the host to extract more energy and to generate beneficial products from indigestible polysaccharides.^[@bib10]^ A diet rich in RS allows plant-derived polysaccharides to reach the colon in a non-metabolized form to be degraded by resident saccharolytic bacteria microbiota, increasing the amount of short-chain fatty acids (SCFAs).^[@bib11]^ In particular, acetate, propionate and butyrate are carbohydrate fermentation secondary products that show a pivotal role in energy homeostasis, host nutrition and a multifactorial role in human health and inflammation.^[@bib12]^ Thorburn *et al.* elegantly showed that mice fed a diet enriched in RS for 3 weeks were resistant to developing allergic airway disease compared with mice fed normal or no-fibre diets. The authors related this protection to altered gut microbial ecology, characterized by the increasing abundance of the Bacteroidetes phylum and high serum acetate levels.^[@bib13]^ Moreover, the benefits of a high RS diet in shaping the gut microenvironment was further demonstrated as the offspring from pregnant mice provided with high-RS diets or acetate in drinking water also failed to develop allergic airway disease in adulthood, as evidenced by a reduction of total cells and eosinophils in bronchoalveolar lavage fluid, Th2 cytokine levels and lung inflammation.^[@bib13]^ However, the end products of carbohydrates and protein fermentation may be widely diverse, with different and opposing effects on the gut. Although undigested carbohydrates are the main resource of energy for bacteria generating methane and SCFAs as end products, undigested protein metabolism produces potentially toxic end products such as ammonia, thiols, phenols and indols.^[@bib14]^

The striking effects of increased consumption of these 'western foods\', characterized by low amounts of RS, have been associated with profound changes on the gut microbiota and its by-products and are unquestionable regulators of host homeostasis.^[@bib12]^ This evidence was strengthened when the faecal microbiota of urban European children, who were on a diet based on consumption of high fat and lower fibres, was compared from those of African children on a diet essentially based on foods rich in fibres and low fats.^[@bib15]^ African children showed a significant enrichment in bacteria belonging to the *Bacteroidetes* genus, including an abundance of bacteria from the genera *Prevotella* and *Xylanibacter*, both efficient at digesting fibre and producing SCFAs, and the depletion of the *Firmicutes* genus. In addition, European children showed significant enrichment of Enterobacteriaceae (*Shigella* and *Escherichia*); the population of fibre-digesting bacteria was almost abrogated.^[@bib15]^ This difference in diet quality is considered a strong factor that could explain why the incidence of asthma and inflammatory disease in African children is lower than in European children.^[@bib16],\ [@bib17]^ Excluding the supposed alleged interference of ethnicities, rural Africans showed microbial predominance of the genus *Prevotella* and more abundant butyrate-producing groups of bacteria, and African Americans showed an enrichment in *Bacteroides* and lower abundance of saccharolytic bacteria.^[@bib18]^

Due to the diversity and varied composition of the gut microbiota, a plethora of diseases have been associated with the predominance of different species of bacteria, which suggests that different diseases might have different impacts in gut microbiota and vice versa.^[@bib7],\ [@bib9]^ For instance, analyses of stools from infants and children up to 5 years of age provided evidence that dysbiosis in the beginning of life is related to a predominance of lung inflammation. According to Arrieta *et al.*, the relative abundance of the bacterial genera *Lachnospira*, *Veillonella*, *Faecalibacterium* and *Rothia* combined with reduced production of SCFAs was markedly decreased during the first 100 days of life of infants who developed asthma. The therapeutic inoculation of these bacteria taxa into germ-free (GF) mice previously inoculated with the stool from asthmatic patients significantly attenuated airway inflammation in their adult offspring, highlighting the strong potential of microbial composition in inflammatory conditions such as asthma.^[@bib19]^ Indeed, approaches by which microbiota was transferred into GF mice noted its influence for the development of diseases. GF mice colonized with the stool from obese people showed significant increases in body mass and adiposity compared with those mice colonized with uncultured faecal microbiota from lean subjects. Such differences in body composition were correlated with the increasing fermentation of SCFAs in mice that received the 'lean faeces\' and increased metabolism of branched-chain amino acids in mice that received the 'obese faeces\'.^[@bib20]^

Gut microbiota and CKDs
=======================

Recently, a promising connection among the unbalanced gut microbiota, poorly ingested enriched-fibre foods and the progression of CKDs has been established.^[@bib21],\ [@bib22]^ Microbial DNA analyses comparing stools from patients with end-stage renal disease (ESRD) and healthy persons showed a significant increase in the relative abundance for 190 bacterial operational taxonomic units (OTUs), mostly belonging to the *Pseudomonadaceae* family in the ESRD group, whereas healthy individuals showing an abundance of OTUs belonged to the *Sutterellaceae*, *Bacteroidaceae* and *Lactobacillaceae* families.^[@bib21]^ Similar results were obtained with an experimental model of CKD; 5/6 nephrectomy resulted in significant differences in OTU abundance, of which the *Bacteroidetes* and *Firmicutes* families, especially *Lactobacillaceae* and *Prevotellaceae*, were markedly less prevalent in nephrectomized rats.^[@bib21]^

Advanced renal failure impairs glomerular filtration and tubular secretion in CKD patients culminating in increased serum levels of nitrogen compounds (urea and uric acid), which in turn, may reach the intestines and promote the overgrowth of bacterial species that are prone to generate uraemic toxins by fermentation, outnumbering the protective species such as *Lactobacilli*.^[@bib21],\ [@bib23]^ High urea concentrations in the plasma lead to increased concentrations in the gastrointestinal tract, where it is metabolized by urease-producing bacteria. The main final product resulting from the urea metabolism is ammonia, which increases intraluminal pH, so therefore triggering intestinal disorder and unbalance of gut homeostasis.^[@bib24]^

It is now clear that the intestine acts as an important coadjutant when the kidney fails to excrete metabolic products from diet. Hatch *et al.* have shown that rats submitted to 5/6 nephrectomy had lower renal clearance of oxalate and a higher plasma oxalate concentration than control animals, which was compensated by colon excretion.^[@bib25]^ This change in the oxalate flux was observed only in the large intestine, with no changes in flux in the small intestine.^[@bib25]^ In addition, the deficient colonization of *Oxalobacter formigenes*---a gram-negative anaerobic bacterium that degrades oxalate---in the intestinal tract of idiopathic calcium oxalate stone patients was associated with increased urinary oxalate excretion, which attributed to decreased intestinal oxalate degradation and consequently more oxalate available for absorption.^[@bib26]^ In addition, the colon has a major role in the excretion of urea and uric acids when renal function declines, replacing the kidney as the primary site for the excretion of these metabolites.^[@bib27]^

Indirect effects of the gut microbiota on CKD
---------------------------------------------

Notwithstanding the paucity of studies evaluating RS or SCFA-producing bacteria in CKDs, a RS diet can be beneficial in other contexts. For instance, high amounts of RS can promote insulin sensitivity and reduce body fat.^[@bib28],\ [@bib29]^ The consumption of high-amylose maize RS is related to improved insulin sensitivity in women with insulin resistance^[@bib28]^ and diminishes postprandial hyperglycaemia in patients with type 2 diabetes.^[@bib29]^ It appears these effects can be partly attributed to the stimulated secretion of gut-secreted hormones glucagon-like peptide-1 and peptide YY,^[@bib30]^ two hormones that are both recognized for their anti-obesity effects. These findings become important in the context of CKDs because obesity and, by consequence, type 2 diabetes, are relevant risk factors for kidney failure. Thus, a RS diet can even contribute indirectly to improved kidney function by regulating underlying disturbances that lead to CKDs.

The beneficial effects of ingesting high-fibre diets and SCFAs are also related to the impaired progression of colitis.^[@bib31]^ interleukin (IL)-10-deficient mice, which develop colitis spontaneously, have experienced significant amelioration of those symptoms when fed high-fibre diets.^[@bib32]^ This protection was associated with an increase of butyrate-producing bacteria as well as the reduction in pro-inflammatory cytokines IL-1β, tumor necrosis factor and IL-23,^[@bib32]^ bolstering the idea that the modulation of gut microbiota so as to bias the microbiota to SCFA-producing bacteria may favour an anti-inflammatory profile.

Questions about how the microbiota and intestinal immune system have co-evolved in harmony, shaping a non-inflammatory environment, have become increasingly clear when we consider SCFAs as cell function modulators. In this sense, SCFAs are related to the increased number and suppressive activity of colonic and peripheral regulatory T cells by limiting proliferation of effector CD4^+^ T cells.^[@bib33],\ [@bib34]^ In addition to T cells, macrophages are regulated and conditioned to reduce the production of proinflammatory cytokines such as nitric oxide, IL-6 and IL-12 in the presence of SCFA.^[@bib35]^ Furthermore, SCFAs improve intestinal transit, stool consistency and luminal pH.^[@bib11]^ These findings gain importance as long as one considers the immunological branch of CKDs, which is important for macrophage activation and accumulation that appears to contribute to the onset and development of CKDs.^[@bib36],\ [@bib37]^

Still, SCFAs may also interfere in subtypes of kidney cells, such as epithelial cells,^[@bib38]^ and control blood pressure regulation by inducing renin secretion,^[@bib39]^ strengthening the idea that strategies that can increase SCFA levels in intestine systemically may contribute to the prevention or amelioration of CKDs. Taking into account the kidney---gut axis, these approaches could be used to modulate the gut microbiota either by increasing the proportion of SCFA-producing bacteria or increasing the supply of carbohydrates that reach the gut in a non-metabolized form. In light of this idea, Van Beneden *et al.*^[@bib40]^ reported that treatment with valproic acid (a compound with similar structure of a SCFA) was able to protect mice from proteinuria and kidney injury in a model of focal segmental glomerulosclerosis induced by doxorrubicin. Our group reported that treatment with acetate-producing bacteria can increase acetate levels in the caecum and in the serum, which in turn, ameliorated acute kidney injury,^[@bib38]^ demonstrating the therapeutic potential of these molecules. However, more strategies and studies are needed to address the potential of other SCFA, probiotics and prebiotics in the progression of CKD.

CKD triggers dysbiosis
======================

Kidneys remove substances and toxic compounds that come from cell metabolism from the bloodstream to maintain body homeostasis. It is reasonable to hypothesize that impaired renal function due to diminished glomerular filtration rate and tubular absorption leads to increased levels of compounds that should be eliminated, thus accumulating toxicity. In cases when end products of purine metabolism such as urea, uric acid and oxalates, which are predominantly excreted by kidneys via a complex interplay of glomerular filtration, secretion processes and tubular reabsorption, reach high levels in the bloodstream, the colon become the major excretory organ to maintain body homeostasis.^[@bib25],\ [@bib27]^ This adaptive response leads to severe consequences for the gut environment. Serum urea accumulation during CKD increases urea influx into the intestinal lumen, where urease-producing bacteria hydrolyze it into ammonia and ammonium hydroxide, consequently increasing intestinal pH and promoting mucosal irritation and structural alterations to the gut barrier. Such physiological alterations are associated with dysbiosis, bacterial translocation and endotoxaemia, potentially enhancing kidney inflammation.^[@bib11],\ [@bib21]^

CKD exacerbates renal inflammation
----------------------------------

A healthy gut environment ensures that defence mechanisms impair the translocation of toxic substances and microbes from the intestinal lumen into the bloodstream. The dynamic equilibrium between the symbiotic microbiota and the host is established by many factors such as the maintenance intestinal barrier integrity, IgA secretion and a balanced immunological response on the intestinal wall. Several lines of evidence support that advanced CKD impairs intestinal epithelial barrier structure and function allowing endotoxin and other bacterial components to cross the intestinal wall and reach systemic circulation. Rats that underwent 5/6 nephrectomy and the uraemic milieu found in CKD are related to the marked depletion of key protein constituents of colonic epithelial tight junctions such as of occludin, claudin-1, zonula occludens-1 and reduced transepithelial resistance, which denote increased permeability and epithelial barrier dysfunction.^[@bib41]^ Corroborating these results, changes in the intestinal barrier were also found in *in vitro* experiments using plasma taken from uraemic patients.^[@bib42]^ The disturbance promoted by CKD on the intestinal wall through the loss of tight junctions facilitates the translocation of microbes, lipopolysaccharide and toxic bacterial products to the bloodstream and could enhance the inflammatory conditions of the CKD patient. The presence of endotoxin and gut bacterial DNA fragments in the blood of haemodialysated^[@bib43]^ and non-haemodialysated patients^[@bib44]^ suggests the gastrointestinal tract as the origin of endotoxins and directly associates severe systemic inflammation in CKD patients with the magnitude of endotoxaemia in the absence of infections.

Once microbes have crossed the intestinal barrier, they may reach the kidneys to be recognized by pattern recognition receptors, such as toll-like receptors (TLRs), NOD-like receptors (NLRs) and the NLRP3 inflammasome that activate local immune cell responses. Considering that the development of chronic injuries is characterized by non-resolving inflammation, the presence of endotoxins in the kidney could exacerbate the progression of a local damage through the increased expression and activation of recognition systems on inflammatory cells and also on renal parenchymal cells, which culminates in exacerbated renal injury and more severe loss of kidney function. Taking into account that renal parenchymal cells and intrarenal immune cells express several families of pattern recognition receptors, such as TLRs, NLRs and the NLRP3 inflammasome, they are able to recognize endotoxins that come from a leaky gut into secretion of pro proinflammatory cytokines and chemokines.^[@bib45]^

The sustained activation of TLRs in the kidney was shown to have a key role during progression of kidney disease and local inflammation.^[@bib36],\ [@bib46],\ [@bib47]^ Renal cells constitutively express TLR2 and TLR4 predominantly in the renal epithelial cells of distal and proximal tubules, and this expression increases during the inflammatory process.^[@bib48]^ The presence of bacteria and endotoxins in the bloodstream, mimicked by an experimental model of sepsis in mice, has shown the contribution of TLR2, TLR4 and adaptive protein Myd88 on the development of acute kidney injury secondary to sepsis.^[@bib46]^ However, deficiency of TLR2, TLR4 and adaptive protein Myd88 was also associated with decreased interstitial fibrosis, lower M2 macrophage infiltration, and the reduced production of pro-inflammatory cytokines and chemokines in the kidney.^[@bib36],\ [@bib47]^ Mice induced to develop diabetic nephropathy showed the overexpression of NOD2 in renal biopsies of diabetic mice and patients,^[@bib49]^ and as TLRs, the expression of NLRs by renal parenchymal cells and intrarenal immune cells could also exacerbate renal inflammation in a scenario where gut endotoxins reach the blood because of colon leakage. The activation of NOD2 in podocytes leads to the stimulation of ERK2 and nuclear factor-kB, and, concomitantly, the secretion of proinflammatory and profibrotic mediators. NOD2-deficient mice have shown lower scarring and renal inflammation as well as protection from the hyperglycaemia-induced reduction in nephrin expression, an essential protein involved in the maintenance of podocyte integrity.^[@bib49]^ Furthermore, uraemic patients undergoing dialysis treatment exhibited elevated production of reactive oxygen species and activated NLRP3 inflammasome possibly induced by mitochondrial dysfunction.^[@bib50]^ Although no correlation has been established between the prevalence of CKD with dysbiosis caused by pathobionts of the *Enterobacteriaceae* family, particularly with *Proteus mirabilis* colonization, intestinal injury caused by this species induces the recruitment and robust NLRP3-dependent IL-1β release by monocytes. Enhanced tissue pathology associated with *P. mirabilis* colonization was not observed in NLPR3-deficient mice,^[@bib51]^ reinforcing the idea that dysbiosis and leakage of the gut barrier can somehow improve kidney inflammation.

Dysbiosis and IgA nephropathy
=============================

Although it is still inconclusive whether CKD development is a consequence of an unhealthy microbiota---or vice versa---many lines of evidence support how dysbiosis could be linked with the progression of kidney diseases. The immunological impact of dysbiosis---also seen in gastrointestinal diseases such as coeliac disease, Crohn\'s disease and ulcerative colitis^[@bib52]^---could trigger the activation of the gut mucosa occasioned by disruptions of intestinal cell tight junctions, allowing bacterial translocation and colonic establishment of the Th1 response and the overproduction of polymeric IgA by B cells. It is well known that the secretion of IgA in the gut has a key role in maintaining the balance between commensal and pathogenic bacteria, whereas IgA is the most abundant immunoglobulin in mucosal secretions and it is strictly involved in pathogenesis of IgA nephropathy (IgAN).^[@bib53],\ [@bib54],\ [@bib55],\ [@bib56]^

Considered an hyperactive mucosal system response to germs present at the mucosal surface, IgAN is a disorder described as the deposition of IgA immune complexes in the mesangial area, leading to blood and protein excretion in urine ([Figure 1](#fig1){ref-type="fig"}).^[@bib57]^ Patients with IgAN show dysbiosis characterized by altered composition of the main bacterial phyla (*Firmicutes*, *Bacteroidetes*, *Proteobacteria* and *Actinobacteria*) compared with healthy subjects, with a decrease in total anaerobic bacteria densities (*Clostridium*, *Enterococcus*, *Lactobacillus*, *Leuconostoc* and *Bifidobacterium*).^[@bib53]^ In contrast, patients with primary and secondary IgAN showed altered duodenal histopathological findings and increased intestinal permeability.^[@bib58]^ Constant exposure to endotoxins induced epithelial cells to secrete B-cell-activating factor of the tumor necrosis factor family (BAFF) and the proliferation-inducing ligand (APRIL), both related to the maintenance of tolerogenic immune responses to the microbiota. Mice overexpressing BAFF (BAFF-Tg) have shown high levels of aberrantly glycosylated serum polymeric IgA and, consequently, IgA mesangial deposition.^[@bib59]^ However, in these mice, BAFF did not drive IgA deposition by itself in the kidney or elevated levels of it in the serum, but rather, it depended on the presence of bacterial signals. Comparative analyses using GF BAFF-Tg and GF wild-type mice showed that both have similar levels of serum IgA, but GF BAFF-Tg mice showed levels \~100-fold lower than specific pathogen-free BAFF-Tg mice. GF BAFF-Tg mice also showed a decreased frequency of IgA^+^ plasma cells in the gut and lower IgA deposition in the glomeruli. The re-establishment of commensal flora in GF BAFF-Tg mice was accompanied by a substantially progressive increase in levels of serum IgA, increased IgA^+^ plasma cells in the lamina propria and the re-emergence of renal glomerular IgA deposition.^[@bib59]^ Patients with IgAN also presented elevated serum levels of BAFF and APRIL.^[@bib59]^

Interestingly, in several gastrointestinal diseases in which dysbiosis is associated, such as Crohn\'s disease and ulcerative colitis, a high frequency of IgAN has been reported.^[@bib60]^ Taking into account that IgA molecules are the most abundant in mucosal secretions, the development of polymeric IgA, which is more effective in binding to pathogens, deposits were interestingly related to the presence of commensal flora and the circulation of corresponding specific IgA antibodies.^[@bib59]^ However, the contact with alimentary components and intestinal flora in a spontaneous murine strain overexpressing IgA led to a threefold increase in the number of intestinal IgA-producing plasma cells, with the concomitant downregulation of secretory IgA excretion into the intestinal lumen after the 10th week of age, culminating in high IgA levels in circulation and renal IgA deposits.^[@bib54]^

CKD, the gut microbiota and its metabolites
===========================================

Considering that CKD patients are often under dietary restrictions to avoid hyperkalemia, pharmacological approaches, such as phosphate-bindings agents and, eventually, antibiotics to treat current infections, certainly reinforce an unbalanced biochemical milieu that shapes the composition and function of microbiota. CKD patients with high dietary consumption of fibres have lower inflammation status, with low levels of reactive serum C-reactive protein and lower mortality compared with CKD patients fed regular- or low-fibre diets.^[@bib61]^ Surprisingly, the high intake of fibres and fibre-rich plant foods was also associated with a significantly lower risk of renal cell carcinoma.^[@bib62]^ Taking into account the wide availability of nitrogen products in the gut, Wong *et al.*^[@bib63]^ reported that the overgrowth of nitrogen compound-metabolizing bacteria such as urease-, uricase-, *p*-cresol- and indol-producing microbes in ESRD supplant the number of bacteria containing enzymes converting dietary fibre to SCFAs. According to a study by Wong *et al.*,^[@bib63]^ among 19 microbial families predominant in ESRD patients, 12 possessed urease, 5 possessed uricase, and 4 possessed indole and *p*-cresol-forming enzymes, whereas 2 families possessing butyrate-forming enzymes were shown to be decreased when compared with control patients. High levels of serum urea in CKD patients lead to its influx into the gastrointestinal tract where it is hydrolyzed by urease-producing bacteria generating as a final product ammonium hydroxide, which elevates the gut\'s luminal pH and causes mucosal damage and irritation. Massive quantities of urea and uric acid in the gut of ESRD patients alter the gut milieu and favour nitrogen compounds-metabolizing bacteria overgrowth.

High serum levels of indoxyl sulfate and *p*-cresyl sulfate- negatively correlate with kidney function and have been considered essential factors in the development of systemic inflammation, and predictors of mortality and cardiovascular disease in CKD patients.^[@bib64]^ Further, both indoxyl sulfate and *p*-cresyl sulfate were found to be associated with vascular stiffness, aortic calcification and, consequently, higher cardiovascular mortality^[@bib64]^ being reported even as a vascular toxin inducer of oxidative stress in endothelial cells.^[@bib65]^ The increased accumulation of these metabolites, which are not completely removed during haemodialysis, can interfere with many biological functions^[@bib66]^ by stimulating the generation of reactive oxygen species that induce the activation of the NF-kB pathway, resulting in the secretion of proinflammatory cytokines, chemokines and adhesion molecules.^[@bib65],\ [@bib67]^

As shown recently by Wong *et al.*,^[@bib63]^ a reduced dietary fibre diet in ESRD patients was associated with higher colonic pH due to increased levels of indoxyl sulfate and *p*-cresol sulfate. These patients also had a decreased number of bacteria that were able to produce butyrate. The administration of indole, a precursor of indoxyl sulfate, in 5/6 nephrectomized rats triggered glomerulopathy and tubule-interstitial damage in healthy mice with increased levels of creatinine and blood urea nitrogen, and the reduced clearance of creatinine, inulin and *p*-aminohippuric acid.^[@bib68]^ Curiously, urine analysis could not detect indole levels but only its metabolite indoxyl sulfate. One of the detrimental effects of high levels of indoxyl sulfate in the blood can be associated with its potential to damage tubular cells^[@bib69]^ and podocytes ([Figure 2](#fig2){ref-type="fig"}).^[@bib41]^

However, unlike tubular cells, podocytes are specialized terminally differentiated cells that are unable to replicate and with limited regeneration skills that surround the outer side of the glomeruli. Podocytes emit cytoplasmic projections called foot process, which connect with adjacent foot processes from other podocytes to form a structure called slit diaphragm. The slit diaphragm is composed by specific negatively charged proteins, which repel other high-molecular-weight proteins from the blood, thus keeping the glomerular filtration.^[@bib70]^

The extensive activation of aryl hydrocarbon receptor, an indoxyl sulfate ligand, decreased podocyte viability over time and impaired podocyte function. Podocytes chronically exposed to indoxyl sulfate manifested prominent foot process effacement, a wrinkled pattern of podocin and synaptopodin, and increased glomerular vimentin levels. Indoxyl sulfate exposure can also cause the reorganization of the actin cytoskeleton from stress fibres to predominantly cortical actin and induce a pro-inflammatory phenotype in mouse and human podocytes ([Figure 2](#fig2){ref-type="fig"}).^[@bib41]^ Preliminary experiments in which aryl hydrocarbon receptor was knocked down in mouse podocytes induced the recovered expression of some functional slit diaphragm-related genes.^[@bib41]^

In contrast, SCFAs have been associated with attenuated kidney damage by protecting against oxidative stress in human tubular cells and improving mitochondrial biogenesis.^[@bib38]^ Indeed, substantial changes observed in colonic microbial metabolism in CKD patients can be more attributed to dietary restrictions than to loss of renal function *per se*.^[@bib71]^ In light of recent findings, SCFAs have been considered to be a great regulator of gut homeostasis by serving as a major source of nutrients for colonocytes and promoting the differentiation of effector T cells, regulatory T cells and colonic immunoregulation.^[@bib72]^ Emerging data have explored the effects of SCFAs and their potential to regulate systemic inflammation at other sites in the body beyond the gut. In this scenario, SCFAs are able to modulate the inflammatory process on renal tissue by decreasing the capacity of dendritic cells to maturate and to induce CD4^+^ and CD8^+^ T-cell proliferation.^[@bib38]^ Moreover, due to low levels of fibre, SCFAs are supplanted by an excess of by-products derived from protein metabolism and such products, as indoxyl sulfate, a tryptophan metabolite, have been shown to contribute to progression of kidney injury.

Recently, a cross-sectional study assessed free serum indoxyl sulfate and *p*-cresyl sulfate in 40 CKD patients under a therapy utilizing prebiotics. According to this study, the ratio of protein to fibre was directly associated with increased levels of serum indoxyl sulfate and *p*-cresyl sulfate. Particularly, the increased ingestion of fibres was correlated with lower levels of *p*-cresyl sulfate but not indoxyl sulfate.^[@bib73]^ Levels of *p*-cresyl sulfate were significantly reduced in haemodialysis patients who received daily doses of oligofructose-enriched inulin for 4 weeks.^[@bib74]^ Symbiotic therapy was also shown to significantly decrease the levels of *p*-cresyl sulfate in predialysis adults with CKD after altering the stool microbiome, particularly with depletion of Ruminococcaceae and enrichment of Bifidobacteria.^[@bib75]^

Considering the use of probiotics, treatment with Bifidobacteria in mice subjected to an ischaemia/reperfusion experimental model reduced the disruption of tight junctions in the gut and the associated consequences such as bacterial translocation, endotoxin levels and pro-inflammatory cytokine release, whereas the increased concentration of SCFA resulted in recovery of gut homeostasis.^[@bib76]^ Part of the recovery could be attributed to increased levels of acetate produced by *Bifidobacterium adolescentis* and *Bifidobacterium longum*.^[@bib38]^ Furthermore, the daily ingestion of a probiotic formulation containing a mix of *Lactobacillus acidophilus*, *Bifidobacterium longum* and *Streptococcus thermophiles* showed a significant reduction in blood urea nitrogen levels without adverse effects in CKD patients.^[@bib77]^

Together, these data show that alterations to the gut microbiota during CKDs are the major predictors of decreased kidney function and CKD progression because the presence of these uraemic toxins were found to be associated with decreased podocyte function. However, more studies are needed to clarify how these toxins are related to those events and to determine whether the analysis of the gut microbiota may be used as a predictor of decreased kidney function during CKD.

Future directions
=================

The understanding of the physiological functions of the gut microbiome and the consequences of its dysbiosis has propelled the scientific community to seek various ways of re-establishing symbiosis. The potential beneficial effect of probiotics, prebiotics and symbiotics (co-administration of pro- and prebiotics) appears to be a promising alternative to control progression of CKD. To restore a symbiotic environment in the gut during the progression of CKD, new approaches have emerged. The use of probiotics, prebiotics and symbiotics have become an inexpensive, healthful, non-invasive promising alternative. However, there is a lack of information about the adverse effects of probiotic intervention studies, although controlled trials do not indicate an increased risk. More basic and clinical research must be done to thoroughly understand the symbiotic environment and the role of dysbiosis in the progression of CKD as well as its associated complications.

It is becoming clear that the interplay of kidney diseases with the gut microbiota will lead to improvements in both dysbiosis and renal injury. Strong evidence sustains that kidney injury is a relevant factor that triggers dysbiosis. However, it is still unclear in what case could dysbiosis initiate kidney injury before any other primary or secondary causes. Studies to determine whether a specific species of bacteria could be strictly involved in the development of kidney diseases, which is identified as a supposed promoter in the development of asthma,^[@bib19]^ should be encouraged. Furthermore, the benefits and consequences of microbiota fermentation by-products on renal cells such as mesangial cells and podocytes require extensive investigation. The molecular basis of the pathogenesis involved in the kidney---gut axis necessitates finding new questions and answers.
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![Dysbiosis and IgA nephropathy. The balance of gut homeostasis is ruled by microbial composition and secretion of specific immunoglobulins, among them IgA. Gut microbial composition imbalance and the high secretion of under glycosylated oligomeric IgA against gut bacteria may trigger the development of IgA nephropathy. LPS, lipopolysaccharide.](cti201636f1){#fig1}

![Dybiosis and the evolution of kidney damage. In a healthy intestinal microflora, symbiotic bacteria coexist with pathogenic bacteria. The outnumbered presence of symbionts is supposed to maintain gut homeostasis by degrading resistant carbohydrates and proteins that escape from gastric metabolism. An imbalance of the gut biochemical milieu either due to the changes in dietary habits, in which the supply of non-metabolized proteins that reach the intestine is higher than the supply of carbohydrates, or due to the biochemical alterations resulting from reduced kidney function, which impairs the excretion of metabolism products such as urea or acid, may reinforce or contribute to dysbiosis. The reduction of mucus production, loss of tight junctions, leakage of the gut barrier and bacterial translocation initiated due to the overproduction of nitrogen products by urease and uricase-producing bacteria generate high levels of indole sulfate and *p*-cresil, which, along with endotoxins and LPS, cross the lamina propria to reach the kidneys. The activation of TLRs and other pattern recognition receptors by endotoxins as well as the binding of AhRs by indoxyl sulfate in podocytes are involved in podocyte death and, consequently, the loss of renal selectivity, increased permeability to high-molecular-weight proteins, such as albumin, and renal failure. The damage is propagated to other cells on subjacent glomeruli and progressively contributes to decreased renal clearance. Higher levels of nitrogen products in the blood achieve the intestinal lumen and reinforce, in a vicious cycle, dysbiosis. AhR, aryl hydrocarbon receptor; GBM, glomerular basement membrane. LPS, lipopolysaccharide; TLR, Toll-like receptor; Treg, regulatory T cell.](cti201636f2){#fig2}
